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Al6o-xSi4oMnx  (X=0,  1,  3,  5,  7  and  10at.%)  ribbons  were  prepared  by  melt  spinning.  A  supersaturated 
solid  solution  of  Si  and  Mn  in  fee  a-Al  with  very  fine  microstructures  have  been  obtained  in  the  ribbons. 
The  electrochemical  measurements  have  revealed  that  the  Al-Si-Mn  alloys  with  some  compositions  can 
exhibit  a  high  Li  inserting  specific  capacity  and  stable  cycle  performance.  A  specific  capacity  of  more  than 
500  mAhg-1  and  the  cycle  efficiency  of  90%  have  been  achieved  in  melt-spun  Al55Si4oMn5  and  Al53Si4oMn7 
alloys  after  10  cycles.  An  ordered  phase,  8'  (Al3Li),  seems  to  be  formed  in  the  alloys  after  Li  inserting, 
whereas  no  other  compounds  with  Li  have  been  detected.  It  is  evident  that  the  supersaturated  solid 
solution  plays  the  main  role  in  improving  the  specific  capacity  and  cycle  performance.  Refinement  of 
grains  could  facilitate  the  diffusion  of  Li  atoms.  The  coexistence  of  multi-phases  has  limited  the  alloy 
volume  expansion  during  Li  inserting.  As  a  result,  a  high-specific  capacity  and  a  stable  cycle  performance 
have  been  achieved. 
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1.  Introduction 

Lithium-ion  batteries  are  the  best  commercial  rechargeable 
batteries  due  to  their  high-specific  capacity  and  excellent  cycle 
performance.  It  is  well  known  that  the  properties  of  the  batteries 
strongly  depend  on  anode  materials.  For  an  anode  material  of  com¬ 
mercial  lithium-ion  batteries,  graphite  is  the  most  popular  choice. 
Its  theoretical  specific  capacity  is  372  mAhg-1  [1-3]. 

Some  investigations  have  revealed  that  some  metallic  and  sub- 
metallic  crystals,  such  as  Si  and  Sn,  exhibit  much  higher  specific 
capacities  than  graphite  due  to  the  formation  of  intermetallic  com¬ 
pounds  with  Li.  For  example,  Li22Si5  has  a  theoretical  specific 
capacity  of  4200 mAhg-1  [4,5],  Li22Sn5,  994 mAhg-1  [6,7]  and 
Li3Sb,  900 mAhg-1  [8].  These  crystals  are  then  defined  as  active 
materials  for  Li  inserting.  However,  it  has  been  found  that  the 
cycle  performance  of  pure  Si,  Sn,  Sb,  etc.  are  much  inferior  to 
graphite.  It  is  currently  considered  that  the  larger  volume  expan¬ 
sion  takes  place  during  the  formation  of  intermetallic  compounds 
[4-8].  As  a  result,  cracking  or  pulverization  will  occur  to  the  metal¬ 
lic  or  submetallic  anode  materials  during  Li  inserting  or  extracting, 
resulting  in  a  poor  cycle  performance  [9].  Therefore,  a  large  amount 
of  research  has  focused  on  the  methods  for  improving  the  cycle 
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performance  of  these  materials.  So  far,  many  intermetallic  com¬ 
pounds,  such  as  Cu6Sn5  [10],  Al6Mn  [11],  Mg2Si  [12],  Ag3Sb  [13] 
and  Ag36.4Sbi5.6Sn48  [14],  have  been  attempted.  The  cycle  perfor¬ 
mance  has  been  improved  to  some  degree.  In  these  studies,  thin 
films  exhibit  excellent  cycle  performance  and  high-specific  capac¬ 
ity.  Dahn  and  collaborators  have  accomplished  a  lot  of  distinctive 
work  in  this  field  [9,15-19]. 

According  to  the  Al-Li  binary  alloy  diagram  [20],  the  solubil¬ 
ity  of  Li  in  fee  A1  is  about  1  at.%  at  373  K.  AlLi,  Al2Li3  and  Al4Li9 
compounds  can  form,  which  depends  on  the  alloy  compositions. 
Suresh  et  al.  [21]  and  Bang  et  al.  [22]  studied  the  electrochemi¬ 
cal  properties  of  pure  Al  and  AlLi  alloys,  respectively.  Although  the 
cycle  performance  data  were  not  published,  Al  was  considered  as 
an  electrode  material  for  Li  batteries  [22,23].  Hamon  et  al.  [23] 
investigated  the  electrochemical  properties  of  Al  thin  films,  and 
found  a  high  performance  when  the  thickness  was  very  thin.  How¬ 
ever,  the  properties  would  also  become  inferior  with  increasing 
thickness  of  the  films.  Lindsay  et  al.  prepared  Fe2Al5  powders  in 
order  to  improve  the  cycle  performance  by  adding  the  inactive  ele¬ 
ment  Fe  [24].  The  first  discharge  specific  capacity  was  485  mAh  g-1 , 
but  declined  to  about  140 mAhg-1  after  two  cycles.  Fleischauer 
et  al.  [16,25]  prepared  Al-Si-Mn  crystalline  and  amorphous  films 
with  different  compositions.  The  thin  films  exhibited  a  high  dis¬ 
charge  specific  capacity  and  an  improved  cycle  performance.  These 
investigations  have  indicated  that  Al-based  alloys  are  promising 
anode  materials  for  Li-ion  battery  if  their  cycle  properties  are 
improved. 


0378-7753 /$  -  see  front  matter.  Crown  Copyright  ©  2008  Published  by  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2008.03.053 


354 


Z.B.  Sun  et  al.  /  Journal  of  Power  Sources  182  (2008)  353-358 


In  this  work,  Al60_xSi4oMnx  (X=0,  1,  3,  5,  7  and  10at.%)  alloys 
were  prepared  by  melt  spinning.  The  as-quenched  alloys  can  exhibit 
a  stable  cycle  performance  with  a  high  charge-discharge  specific 
capacity. 

2.  Experimental 

Pure  aluminum  (99.97%),  pure  silicon  (99.99%)  and  pure  man¬ 
ganese  (99.93%)  were  used  to  prepare  the  Al-Si-Mn  alloys.  The 
mater  alloys  were  prepared  in  an  arc-melting  furnace  with  a  non¬ 
consumable  tungsten  electrode.  In  order  to  obtain  homogeneous 
samples,  several  remelting  cycles  were  performed  with  reversing 
the  ingots  before  each  remelting.  Subsequently,  the  ingots  with  a 
mass  of  about  20  g  were  put  into  a  quartz  tube.  After  the  ingots 
were  inductively  melted  and  heated  to  the  required  temperature, 
the  alloy  ribbons  were  then  prepared  by  single  roller  melt  spinning 
under  a  pressure  of  0.5  atm  Ar  gas.  The  obtained  ribbons  were  3  mm 
wide  and  20-30  p,m  thick. 

The  phase  constitution  and  microstructures  of  the  ribbons  were 
analyzed  by  a  Rigaku  D/max  2400  X-ray  diffractometer  and  a 
Hitachi  H-800  transmission  electron  microscope  (TEM).  The  foil 
specimens  used  for  TEM  were  prepared  by  ion  polishing. 

The  as-quenched  ribbons  were  prepared  into  powders  by  ball 
milling  under  Ar  gas  atmosphere.  Subsequently,  carbon  black  was 
added  into  the  powders  and  mixed  homogenously.  The  admix¬ 
ture  was  dispersed  in  N-methylpyrrolidinone  (NMP)  added  by 
polyvinylidene  fluoride  (PVDF).  The  mass  ratio  of  the  powders,  car¬ 
bon  black  and  PVDF  was  84:8 : 8.  The  slurry  was  spread  on  the  copper 
foil  to  prepare  electrodes.  The  electrodes  were  dried  in  a  vacuum 
drying  box  at  398  K  for  10  h  to  remove  the  solvent.  An  electrode  and 
a  counter  electrode  plate  of  pure  lithium  were  assembled  into  a  sim¬ 
ulative  battery  in  Ar  gas.  The  employed  electrolyte  is  a  solution  of 
1  molL-1  LiPF6  in  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC).  The  ratio  of  EC  and  DMC  is  1:1  (w/w).  The  electrochemi¬ 
cal  properties  of  simulative  battery  were  measured  by  a  BT-2000 
Arbin  Instrument.  The  surface  morphology  of  the  electrode  after 
Li  inserting  was  observed  by  a  JSM  6460  scanning  electron  micro¬ 
scope  (SEM). 

3.  Results 

Fig.  la  shows  an  X-ray  diffraction  (XRD)  pattern  of  as-quenched 
AI60S40  ribbons.  The  diffraction  peaks  of  a-Al  and  a-Si  appear.  The 


Fig.  1.  X-ray  diffraction  patterns  of  as-quenched  Al6oSi4o  (a),  AEgSUoMni  (b), 
Al57Si4oMn3  (c),  Al55Si4oMn5  (d),  Al53Si4oMn7  (e)  and  Al5oSi4oMnio  (f)  ribbons.  (O) 
a-Al  and  (•)  a-Si.  The  other  peaks  are  from  metastable  Al-Si-Mn  compound. 


Table  1 

Lattice  parameter  (a)  of  a-Al  in  melt-spun  Al-Si-Mn  ribbons 


Composition  (at.%) 

a  (nm) 

AleoSUo 

0.4042 

AlsgSUoMni 

0.4043 

Al57Si4oMn3 

0.4044 

AlssSUoMns 

0.4040 

Al53Si4oMn7 

0.4041 

AlsoSUoMnio 

0.4041 

lattice  parameter  of  a-Al  in  the  ribbons  is  0.4042  nm,  less  than  that 
of  pure  Al  (0.4049  nm).  Except  a-Al  and  a-Si,  other  diffraction  peaks 
are  not  detected  in  as-quenched  AlsgS^oMn!  and  Al57Si4oMn3  rib¬ 
bons,  as  shown  in  Fig.  lb  and  c.  For  Al55Si4oMn5  ribbons,  a  weak 
diffraction  peak  close  to  (2  0  0)A1  appears,  seeing  Fig.  Id.  When  Mn 
contents  increase  to  7  and  10%,  many  diffraction  peaks  different 
from  those  of  a-Al  and  a-Si  appear,  as  presented  in  Fig.  le  and  f. 
The  lattice  parameters  of  a-Al  in  Al-Si-Mn  ribbons  are  less  than 
those  pure  Al,  as  listed  in  Table  1. 

The  microstructures  of  as-quenched  Al60Si4o  ribbons  are  illus¬ 
trated  in  Fig.  2a.  The  matrix  is  a-Al  with  a  mean  diameter  of 
about  1  fxm.  The  particles  distributing  in  the  matrix,  as  marked 
by  arrow  A,  is  a-Si.  After  the  as-quenched  ribbons  are  annealed 
at  573  K  for  3h,  a  lot  of  finer  Si  particles  can  be  observed,  as 
denoted  by  arrow  B  in  Fig.  2b.  In  combination  with  the  XRD 
results,  it  can  be  determined  that  the  a-Al  in  the  AlgoSUo  ribbons  is 
supersaturated. 

Fine  a-Al  grains  with  a  mean  diameter  of  less  than  500  nm  are 
observed  in  Al59Si4oMni  ribbons,  as  denoted  by  arrow  A  in  Fig.  3a. 
The  a-Al  grains  are  further  refined  when  Mn  content  increases 
to  3%  (Al57Si4oMn3),  as  can  be  seen  in  Fig.  3b.  The  intergranu¬ 
lar  zones  are  also  identified  as  a-Al  phase,  where  the  bright  and 
dark  stripe  contrast  is  caused  by  the  segregation  of  Si  and  Mn, 
as  marked  by  arrow  B  in  Fig.  3a.  The  phase  marked  by  arrow  C 
is  a-Si.  For  Als7Si4oMn3  ribbons,  an  unidentified  phase  is  formed 
between  a-Al  grains  (arrow  D  in  Fig.  2b).  For  Al55Si4oMn5  ribbons, 
a-Al  grains  are  refined  to  less  than  50  nm,  but  coarse  Si  particles 
with  a  diameter  of  1  fxm  can  be  still  observed.  Some  fine  black 
particles  distribute  between  a-Al  grains,  seeing  Fig.  4a.  When  Mn 
content  is  increased  to  7%,  TEM  analysis  indicates  that  a  needle- 
shaped  phase  appears  and  the  coarse  Si  particles  disappear,  as 
shown  in  Fig.  4b.  a-Al  grains,  fine  a-Si  particles  and  some  black 
particles  of  another  phase  distribute  between  the  needles.  The 
sizes  of  the  three  phases  are  all  less  than  100  nm.  Selected  area 
diffraction  has  not  identified  this  needle-shaped  phase.  Accord¬ 
ing  to  Refs.  [26-28]  and  the  XRD  results,  we  can  deduce  that  the 
needle-shaped  phase  in  Fig.  4b,  the  black  particles  in  Fig.  4a  and 
the  phase  marked  by  arrow  D  in  Fig.  2b  are  probably  metastable 
Al-Si-Mn  compounds  formed  during  rapid  solidification.  The 
microstructures  of  Al50Si4oMnio  ribbons  are  similar  to  those  of 
Al53Si4oMn7- 

It  is  very  clear  that  increasing  Mn  content  can  refine  a-Al  grains. 
Meanwhile,  the  volume  fraction  of  a-Al  decreases  with  increas¬ 
ing  Mn  due  to  the  formation  of  more  Al-Si-Mn  compounds.  For 
Al-Si-Mn  alloys,  several  phase  transformation  steps  will  take  place 
during  cooling  from  the  liquid  zone  to  room  temperature.  But  the 
phase  transformations  in  these  experiments  have  not  been  com¬ 
pleted  due  to  the  rapid  cooling  and  the  equilibrium  compounds  are 
not  formed. 

Fig.  5  illustrates  the  specific  capacities  of  melt-spun 
Aleo-xSUoMnx  alloys  depending  on  cycle  numbers.  The  cells 
were  tested  under  a  constant  current  density  of  0.1  mAcnrr2.  In 
the  first  cycle,  the  lowest  discharge  voltage  was  0.13  V.  Through  this 
process,  the  electrode  materials  could  be  activated.  Subsequently, 
the  lowest  discharge  voltage  of  0.03  V  was  set  in  further  cycles. 
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Fig.  2.  Microstructures  of  melt-spun  Al6oSi4o  ribbons  (dark  field).  The  arrow  A  denotes  a-Si  solidified  from  melt  and  B  denotes  Si  precipitates. 


Fig.  3.  Microstructures  of  melt-spun  Al59Si4oMni  (a)  and  Al57Si4oMn3  ribbons  (b).  Arrows  A  and  B  denote  a-Al,  C  denotes  a-Si  and  D  denotes  Al-Mn-Si  compound. 


For  melt-spun  AlgoSUo  alloy,  the  specific  capacity  of  the  first  dis¬ 
charge  can  reach  1660  mAh  g_1  and  declines  rapidly  to  40  mAh  g-1 
after  10  cycles,  as  shown  in  Fig.  5.  The  specific  capacity  of  the 
first  discharge  is  1803  mAh g-1  and  declines  tol25mAhg-1  after 


10  cycles  for  Al59Si4oMni  alloy.  When  the  Mn  content  is  increased 
to  3%  (Al57Si4oMn3),  a  specific  capacity  of  200  mAh  g-1  could  be 
kept  after  10  cycles.  For  Al55Si4oMn5  alloy,  the  specific  capacity  of 
the  first  discharge  is  1089  mAh  g-1.  However,  a  specific  capacity 


Fig.  4.  Microstructures  of  melt-spun  Al55Si4oMn5  (a)  and  Al53Si4oMn7  ribbons  (b).  The  arrow  denotes  an  Al-Si-Mn  compound. 
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Fig.  5.  Discharge  specific  capacity  of  melt-spun  Al-Si-Mn  alloys  depending  on  cycle 
number. 


Fig.  6.  Voltage  curves  of  melt-spun  Al55Si4oMn7  alloy  depending  on  the  discharge 
specific  capacity. 

becomes  518  mAhg-1  after  10  cycles.  When  Mn  content  increased 
to  7%,  a  very  stable  specific  capacity  curve  and  a  specific  capacity  of 
500  mAhg-1  have  been  obtained  after  10  cycles.  However,  the  spe¬ 
cific  capacity  declines  when  the  Mn  content  is  further  increased  to 
10%,  although  the  cycle  performance  is  stable. 

The  voltage  versus  discharge  specific  capacity  curves  of  melt- 
spun  Al55Si4oMn7  alloy  anodes  are  shown  in  Fig.  6.  The  discharge 
profiles  of  met-spun  Al-Si-Mn  alloys  for  the  1  st,  5th  and  7th  cycles 
are  similar  to  that  of  pure  Al  reported  by  Hamon  et  al.  [23],  except 
that  the  discharge  voltage  plateau  of  Al-Si-Mn  alloys  is  slightly 
lower. 

After  Li  atoms  insert  into  melt-spun  Al-Si  alloy,  a  very  inter¬ 
esting  result  has  been  achieved.  The  diffraction  peaks  of  a-Al  and 
a-Si  are  obtained  and  no  Li-Si  or  Li-Al  intermetallic  compounds 
are  detected,  as  shown  in  Fig.  7.  However,  a  weak  peak  appears,  as 
designated  by  ‘v*  in  Fig.  7.  This  diffraction  peak  seems  to  accord 
with  one  of  the  ordered  8'  (Al3Li)  phase  reported  in  the  work  [29] 
and  [30].  8'  forms  in  the  spinodal  separation  of  Al— Li  alloys.  The 
melt-spun  Al55Si4oMn5  alloy  has  a  similar  diffraction  peak,  as  illus¬ 
trated  in  Fig.  8b.  After  Li  extracting,  this  peak  becomes  weaker, 
seeing  Fig.  8c.  Table  2  lists  the  lattice  parameters  of  a-Al  in  AlgoSUo 
and  Al55Si4oMn5  after  Li  inserts  and  extracts.  The  lattice  parame¬ 
ter  of  a-Al  in  the  as-quenched  ribbons  is  re-listed  for  comparison. 
The  insertion  of  Li  atoms  has  increased  the  lattice  parameter  of 


Fig.  7.  X-ray  diffraction  patterns  of  as-quenched  Al6oSi4o  ribbons  (a)  and  the  anodes 
inserted  by  Li  (b).  (O)  a-Al,  (•)  a-Si,  (v)  8'  and  (0)  copper  foil. 

a-Al.  This  result  indicates  that  a  solid  solution  of  Li  in  a-Al  has 
formed. 

The  SEM  analysis  indicates  that  some  cracks  form  in  the  melt- 
spun  Al-Si-Mn  anodes  before  Li  inserting,  as  shown  in  Fig.  9a. 
After  the  alloys  experience  10  cycles,  the  cracks  in  Al6oSi4o  and 
AlsgSUoMni  alloys  become  more,  as  shown  in  Fig.  9b.  In  the  case 
of  Al55Si4oMn5  and  Al53Si4oMn7  alloys,  the  cracks  have  a  smaller 
increase,  seeing  Fig.  9c. 

An  evident  improvement  of  cycle  performance  has  been 
achieved  in  the  melt-spun  Al-Si-Mn  alloys  in  comparison  with  pure 
Si  or  Fe2Al5  powders.  According  to  the  classical  diffusion  theories 
[31  ],  a  new  phase  forms  on  the  surface  layer  during  Li  inserting  into 


Fig.  8.  X-ray  diffraction  patterns  of  melt-spun  Al55Si4oMn5  alloy:  (a)  pristine,  (b)  Li 
inserting  and  (c)  Li  extracting.  (O)  a-Al,  (•)  a-Si,  (v)  8'  and  (0)  copper  foil. 


Table  2 

Lattice  parameter  (nm)  of  a-Al  after  Li  inserting  and  extracting  for  10  times 


Samples 

AleoSUo 

AlssSUoMns 

As-quenched  ribbon 

0.4042 

0.4040 

Li  insertion 

0.4049 

0.4053 

Li  extraction 

- 

0.4045 
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Fig.  9.  SEM  images  of  melt-spun  Al-Si-Mn  alloy  anodes:  (a)  Al6oSi4o  before  Li  insert¬ 
ing,  (b)  Al6oSi4o  after  10  cycles  and  (c)  Al55Si4oMn5  after  10  cycles.  The  arrow  denotes 
the  cracks. 

some  pure  metals,  such  as  Al,  Si,  Sn,  Zn,  and  so  on.  This  process  is 
a  typical  reaction  diffusion.  A  volume  expansion  will  be  inevitable. 
In  this  study,  an  supersaturated  Al-based  solid  solution  with  two  or 
three  components  has  been  obtained.  According  to  classical  ther¬ 
modynamics  [31],  two  or  three  phases  could  co-exist  in  the  solid 
solution  during  reaction  diffusion.  A  solid  solution  of  Li  in  the  a- 


A1  will  firstly  form  as  Li  inserts  into  the  melt-spun  Al-Si-Mn  solid 
solution  anodes.  When  the  Li  content  in  Al  solid  solution  exceeds 
the  solubility  limit,  it  is  likely  that  the  8'  phase  forms  and  co-exists 
with  Al(Li)  solid  solution.  On  the  basis  of  the  Al-Li  binary  phase 
diagram,  the  solubility  of  Li  in  a-Al  is  about  1%  at  373  K.  But  the 
solubility  can  be  increased  to  about  5.5%  due  to  the  coexistence  of 
a-Al  and  8'  [30].  As  a  result,  a  larger  concentration  gradient  can  be 
established,  facilitating  the  diffusion  of  Li  atoms  into  deeper  layer 
of  a-Al  gains.  However,  when  a-Al  grains  are  coarser,  take  AlgoSUo 
and  AlsgSi^Mn!  alloys  for  example,  the  transport  of  Li  relies  on  the 
volume  diffusion.  Because  the  volume  diffusion  velocity  of  atoms 
in  a  solid  is  very  slow  at  room  temperature,  the  electrodes  over¬ 
charge  easier.  The  expansion  still  focuses  on  the  surface  layer  and 
causes  local  cracks  and  the  specific  capacity  will  attenuate  rapidly 
(Fig.  5).  When  a-Al  grains  are  refined  to  nano-size,  the  transport 
of  Li  mainly  depends  on  the  interface  diffusion.  As  a  result,  the 
diffusion  of  Li  atoms  is  further  facilitated  into  the  deeper  layer  of 
alloy  powders.  The  Al-Si-Mn  compounds  between  the  a-Al  grains 
in  nano-size  will  also  limit  the  volume  expansion.  The  cycle  perfor¬ 
mance  is  then  improved.  For  Al53Si4oMn7  alloy,  the  needle-shaped 
Al-Si-Mn  compound  acts  as  a  framework,  which  can  decrease  the 
volume  expansion.  And  hence,  the  cycle  performance  is  very  stable 
(Fig.  5). 

No  evidence  indicates  that  the  metastable  Al-Si-Mn  compounds 
formed  in  the  ribbons  are  Li  storage  phases.  This  result  is  consis¬ 
tent  with  the  study  of  Fleischauer  et  al.  [28].  No  Li-Si  compounds 
form  after  Li  atoms  inserting  into  the  anodes  prepared  from  the 
melt-spun  Al-Si-Mn  alloys.  Supposing  all  the  Al  atoms  have  formed 
8'(Al3Li),  specifically  for  Al55Si4oMn5,  the  calculated  specific  capac¬ 
ity  is  only  167  mAh  g-1,  less  than  the  measured  value  in  present 
work.  It  can  be  deduced  that  many  Li  atoms  have  storied  at  the 
interfaces.  This  will  not  result  in  a  damage  of  lattice,  and  therefore, 
the  cycle  performance  of  the  melt-spun  Al-Si-Mn  anode  materials 
can  be  further  improved.  It  is  easy  to  understand  the  low-specific 
capacity  of  melt-spun  Al50Si4oMnio  alloy.  The  volume  fraction  of 
the  active  phases  (a-Al)  decreases  too  much  due  to  the  formation 
of  more  metastable  Al-Si-Mn  compounds  in  this  alloy. 

4.  Conclusions 

Stable  cycle  performance  has  been  achieved  in  melt-spun 
Al-Si-Mn  alloys.  The  formation  of  supersaturated  solid  solution 
of  Si  and  Mn  in  a-Al  has  prevented  the  crystal  lattice  from  being 
destroyed.  Refining  a-Al  grains  can  facilitate  diffusion  of  Li  atoms 
and  improve  the  Li  storage  ability.  The  formation  of  metastable 
Al-Si-Mn  compounds  plays  an  important  role  in  limiting  volume 
expansion. 
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